Abstract-We devise a cross-layer design (CLD) of carrier sensing multiple access with collision avoidance (CSMA/CA) at the medium access control (MAC) layer with spectrum sensing (SpSe) at the physical layer for cognitive radio networks (CRNs). The proposed CLD relies on a Markov chain model with a state pair containing both the SpSe and the CSMA/CA with exponential backoff from which we derive the transmission and collision probabilities. Due to the 2-dimensions of CSMA/CA model with exponential backoff, the resulted Markov chain is obtained with 3-dimensions. Simulation and numerical results are derived and illustrated highlighting the impact of SpSe in CSMA/CA with exponential backoff. The obtained results could be used as performance criteria to evaluate the performance of specific CRNs when they are deployed in a distributed coordination fashion that is prone to collisions.
INTRODUCTION
In cognitive radio networks (CRNs), the channels' availability is manifested via spectrum sensing (SpSe) at the physical layer [1] and subsequently the packet transmission is accomplished through an appropriate medium access control (MAC) layer protocol [2] . It has been recognized that imperfect SpSe at the physical layer has an impact on the performance at the MAC layer as presented in [3] . To be specific, the impact of imperfect SpSe on the carrier sense multiple access with collision avoidance (CSMA/CA) protocol using a cross-layer performance analysis is highlighted by authors in [3] . On the other hand, authors in [4] propose a cross-layer design (CLD) between the SpSe mechanism at the physical layer and the MAC layer in general, i.e. without specifying a particular protocol, in which a constraint on collision probability dictates the operating characteristics of SpSe.
In this paper, we devise a cross-layer design (CLD) of SpSe with multi-channel SpSe at the physical layer with the CSMA/CA protocol considering exponential backoff. To this end, we model a 3-dimension Markov chain, which involves all parameters from both layers based on the concept proposed in [6] , the Markov chain model of CSMA/CA presented in [7] and the Markov chain model of SpSe presented in [8] . Next, we derive the transmission and collision probabilities in saturation conditions for such a CRN. Notably, the proposed CLD for CRNs requires that the MAC layer of the CRN is able to support a distributed coordination method (DCF). For instance, such functionality is provided in IEEE 802.22 standard in two fashions:
 when dynamic frequency hopping (DFH) between adjacent base stations (BSs) is supported, where both SpSe and data transmission takes place from multiple adjacent cells and,  when the point-to-point communication method (i.e. mesh CRN) is supported where the traffic flows among the customer premises equipments (CPEs) directly [5] .
Our contribution compared with paper [3] , it is summarized as follows: a) we provide a cross-layer design provision instead of cross-layer performance analysis and b) we additionally assume exponential backoff for the CSMA/CA. Finally, the proposed CLD model is evaluated using both numerical and simulation results.
This work is organized as follows. In section II the proposed cross layer design is introduced and the main parameters being involved are defined. Then in section III modeling of the augmented CSMA/CA protocol is taking place and through a bi-dimensional Markov chain the transmission and the collision probabilities are derived. Numerical results that illustrate the performance of the proposed scheme are provided in section IV and conclusions in section V.
II. CROSS-LAYER DESIGN
We assume n stations for the secondary network (SN) that could be either CPEs or BSs based on the type of the distributed coordination method that is implemented [5] 
The CSMA/CA protocol for packet transmission is considered at the MAC layer. In particular, the distributed coordination function (DCF) is considered in saturation conditions (i.e. each station has always a packet for transmission) with binary slotted exponential backoff of maximum backoff stage m and minimum contention window of size W [7] . We assume that for a slot at time t , a number of C channels are being sensed and a node in the SN is able to transmit only in one channel per slot [8] . Thus, based on [7] and [8] , we model both SpSe and CSMA/CA as discrete time Markov processes denoted as t is considered as active or idle with probability a and a  1 respectively [8] . All channels are considered homogeneous i.e. with equal activity and the probability that a channel is active is     
and
We illustrate in Fig.2 the derived Markov chain diagram at a backof stage i that shows the transition probabilities based on the SpSe results i.e. idle or busy derived within a discrete time slot t . For different backoff stages we follow the transitions defined in [7] that now include the results of the specific SpSe. This matrix represents a joint steady state probability that we denote here as  

. It can be proved that this stationary distribution exists and is unique [6] and thus:
The stationary distribution in (3) is a row vector  defined as follows ,..., ,..., ,..., [
for which the following holds
Based on this joint stationary distribution, we can derive the transmission and collision probabilities. In particular, a transmission occurs when the backoff timer is equal to zero i.e. The simulation results are depicted without lines and they demonstrate that the analytical model is very accurate since its results almost coincide with the simulation ones. From the figure is obvious that a low probability of detection e.g.
, results in high transmission probability  .
Furthermore, high contention window values e.g.

W (dashed lines) result in a lower transmission probability  , although a high contention window value gets the transmission probability lower. Fig.4 shows the collision probability In Fig.5 and Fig.6 , we show the transmission probability  and the collision probability 
V. CONCLUSIONS
We have devised a cross-layer design of spectrum sensing and CSMA/CA from which we have derived the transmission and collision probabilities. We rely on discrete time Markov chain model with a state pair for modeling both the spectrum sensing and the CSMA/CA protocol. This model results in a joint stationary probability which incorporates the parameters of spectrum sensing and CSMA/CA at the physical and the medium access control layer respectively. Thus the impact of SpSe in CSMA/CA protocol is realized which can be deployed in CRNs that support distributed coordination function such as the one found in the MAC of the IEEE protocol families.
